The genes for a nitric oxide reductase-like cytochrome bc complex were cloned from a thermophilic, chemolithoautotrophic hydrogen-oxidizing bacterium, Hydrogenobacter thermophilus TK-6. The structural genes norC and norB, which encode cytochrome c and cytochrome b subunits of the complex respectively, are probably transcribed as a tricistronic operon with a following gene encoding a putative membrane protein.
Denitrification is a type of anaerobic respiration that utilizes nitrogen oxides as alternative electron acceptors. Complete denitrification consists of four sequential reactions that reduce nitrate to dinitrogen (N 2 ) via nitrite, nitric oxide (NO), and nitrous oxide (N 2 O). Nitric oxide reductase (NOR) catalyzes the third reaction, viz., the reduction of NO to N 2 O. A major type of bacterial NOR is a membrane-bound cytochrome bc complex, which has been isolated and characterized from such bacteria as Pseudomonas stutzeri, Paracoccus denitrificans, and Achromobacter cycloclastes. [1] [2] [3] This type of NOR consists of cytochrome c and cytochrome b subunits, which have one and 12 transmembrane regions respectively. The enzyme receives electrons from c-type cytochromes at its cytochrome c subunit, and this type of enzyme is referred to as cNOR. 4) The cytochrome b subunits carry a heme b 3 -Fe B binuclear center as a catalytic site. 5, 6) A single subunit-type NOR, which lacks the cytochrome c subunit, has also been identified in bacteria such as Wautersia eutropha. 7) This latter type of NOR receives electrons from quinols and is referred to as qNOR. 4) qNOR is similar to the cytochrome b subunit of cNOR, but it has an extra N-terminal extension that is believed to be the electron entry site. The Gram-positive bacterium Bacillus azotoformans has a two-subunit type of NOR which uses menaquinol as the electron donor. 8) Instead of the heme c of cNOR, this enzyme contains Cu A at its electron entry site, and is referred to as qCu A NOR. NOR has also been identified in an archaeon, Pyrobaculum aerophilum. The archaeal NOR also belongs to the qNOR family and uses menaquinol as an electron donor. 9) NOR enzymes are members of the heme-copper oxidase family, and they are phylogenetically related to cytochrome oxidases that are involved in aerobic respiration. 5, 6, 10) Hydrogenobacter thermophilus TK-6 is a thermophilic, obligately chemolithoautotrophic hydrogen-oxidizing bacterium. 11, 12) It fixes carbon dioxide by the reductive tricarboxylic acid (RTCA) cycle, which is a pathway for the assimilation of carbon dioxide by reverse rotation of the TCA cycle. 13) Strain TK-6 is also known to grow under anaerobic conditions, with nitrate as a terminal electron acceptor and molecular hydrogen as an energy source.
14) The RTCA cycle is also operative in anaerobically grown cells. It has been shown that strain TK-6 has a complete denitrification pathway consisting of four steps that reduce nitrate to N 2 . Cytochrome cd 1 nitrite reductase (NIR) is produced under anaerobic conditions, 14) but the features of the other three denitrification enzymes remain to be investigated. Hydrogenobacter is a member of Aquificales, which is believed to be the earliest branching lineage in the Bacterial domain. 15) Therefore, analysis of the denitrification of this linage might be important for consideration of the evolutionary consequences of bacterial denitrification systems. In this y To whom correspondence should be addressed. Fax: +81-3-5841-5272; E-mail: aharai@mail.ecc.u-tokyo.ac.jp Abbreviations: CFE, cell-free extract; NOR, nitric oxide reductase; PCR, polymerase chain reaction; RTCA, reductive tricarboxylic acid; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; SNP, sodium nitropurusside study, we cloned the genes for probable cytochrome bctype NOR from strain TK-6 and analyzed its expression profile using immunological methods.
Materials and Methods
Strains, media, and growth conditions. H. thermophilus TK-6 was cultivated at 70 C with CO 2 as a carbon source in a barotolerant bottle (5-L volume) in inorganic medium 16) When necessary, the medium was supplemented with 60 mM sodium nitrate, 10 mM sodium nitrite, or 1 mM sodium nitropurusside (SNP). The headspace gas in the bottle was replaced with gas mixtures of H 2 :O 2 :CO 2 (15:2:5, v/v) for aerobic conditions or H 2 :CO 2 (3:1, v/v) for anaerobic conditions. Escherichia coli strains JM109, DH5, and JCB7120 were used as hosts for derivatives of pUC19, Charomid 9-36, and pKK223-3 respectively.
17) E. coli strains were cultivated in LuriaBertani (LB) medium 17) at 37 C. When necessary, ampicillin was added to the culture medium at 100 mg/ ml.
Cloning of the genes for NOR. Oligonucleotide primers NorF1 (GGNGCNTAYTTYGCNCCNGA) and NorR1 (CCYTCNACCCANARRTG) were constructed for cloning of the nor genes encoding probable NOR from strain TK-6. NorF1 was designed from the amino acid sequence GAY(F/Q)AP(E/D), which is conserved in the reported sequences of the cytochrome c subunit of cNOR and the N-terminal region of qNOR. NorR1 was designed from the amino acid sequence HLWVEG, which is conserved in qNOR and the cytochrome b subunit of cNOR. Therefore, NorF1 and NorR1 were expected to amplify the nor gene(s) regardless of whether strain TK-6 carried cNOR or qNOR. Southern and colony hybridizations were performed with the PCR fragment amplified from the total DNA of strain TK-6 with the primers and EXtaq DNA polymerase (TakaraBio, Otsu, Japan). Hybond-N (Amersham Pharmacia Biotech, Buckinghamshire, UK) and the DIG DNA labeling and detection kit (Roche Diagonostics, Basel, Switzerland) were used for the hybridization experiments. pUC19 and Charomid 9-36 (Nippon Gene, Toyama, Japan) were used as the vectors. The nucleotide sequence of the cloned fragments was determined on an ABI 377 DNA sequencer using a BigDye terminator cycle sequence kit (Applied Biosystems, Foster City, CA). Other recombinant DNA experiments were carried out by standard methods.
17) The nucleotide sequence data have been deposited in the DDBJ, EMBL, and GenBank databases under accession no. AB232055.
Expression and purification of recombinant NorC. A DNA fragment encoding a fusion protein of the T7 epitope tag and the soluble domain of NorC was amplified by PCR from the chromosomal DNA of strain TK-6 with oligonucleotides Tnor5 (GGAATTCATGGC-TAGCATGACTGGTGGACAGCAAATGGGTAGCAAG-AGGGTGCCATCAC) and Tnor4 (CCCTGCAGTAC-TTTATTGTGACAC); the T7 tag-encoding sequence is italicized and the EcoRI and PstI sites are underlined. The amplified 0.5-kb fragment was cloned into pKK223-3 after digestion with EcoRI and PstI, and the plasmid constructed, designated pKK-T7NorC, was used to transform E. coli JCB7120, which expresses high levels of c-type cytochromes and has been used previously for expression of cytochrome c-551 from Pseudomonas aeruginosa.
18) The recombinant fusion protein was purified from the cell-free extract (CFE) of JCB1720 carrying pKK-T7NorC, which was grown aerobically in LB medium. The CFE was prepared by sonication. The purification was performed by affinity chromatography with a T7 tag Affinity Purification Kit (Novagen, Darmstadt, Germany) and subsequent gel filtration chromatography with a Superdex75 column (Amersham Pharmacia Biotech).
Immunological detection of NOR.
A polyclonal antiserum against the purified T7-NorC fusion protein was produced in rabbits by Takara-Bio and used for immunological detection of NOR in the CFE of strain TK-6 grown under various conditions. CFE (35 mg protein) was separated by 15% polyacrylamide gel electrophoresis in the presence of sodium dodecyl sulfate (SDS-PAGE). The proteins were then transferred to a polyvinylidene difluoride membrane (Sequi-Blot PVDF membrane; Bio-Rad, Hercules, CA) in a TransBlot electrophoretic transfer cell (Bio-Rad). Western blotting was performed using anti-T7-NorC antiserum and horseradish peroxidase-conjugated goat anti-rabbit IgG (H þ L) (Bio-Rad) with an HRP-1000 immunostaining kit (Konica, Tokyo).
Results and Discussion
Analysis of the structural genes for cNOR-type cytochrome bc A 0.9-kb fragment was amplified by PCR from the chromosomal DNA of strain TK-6 with NorF1 and NorR1. A 4.5-kb SacI fragment and a 5.2-kb SacIBamHI fragment, both of which were hybridized with the PCR fragment by Southern hybridization, were cloned into Charomid 9-36 and pUC19 respectively. Sequencing analysis showed that the genes encoding the cytochrome c and cytochrome b subunits of cNOR-type cytochrome bc complex were located on the cloned fragments, and the genes were designated norC and norB respectively, according to homology with the other reported cNORs (Fig. 1) . norC encodes a protein of 224 amino acids. The NorC proteins reported to date have one N-terminal transmembrane span that acts as an anchor to the cytoplasmic membrane, and the soluble domain of these proteins is oriented to the periplasm. 4) The translated sequence of norC from strain TK-6 has a long N-terminal extension, and its hydropathy plot showed two putative N-terminal transmembrane spans (data not shown). In silico analysis of the membrane topology of TK-6 NorC, obtained by use of the TMHMM program (http://www.cbs.dtu.dk/services/ TMHMM/), 19) suggested that the C-terminal soluble domain of the protein was oriented to the periplasm, as is the case with the C-terminal domain of the other NorC proteins (Fig. 2) . The norB gene is located 19-bp downstream of norC and encodes a hydrophobic protein of 469 amino acids. The translated sequence has 12 transmembrane spans, as is the case with the other NorB subunits of cNOR reported thus far (data not shown).
The norCB genes are followed by an open reading frame tentatively designated orf85. norB and orf85 are separated by 16 base pairs. orf85 encodes a hydrophobic protein of 85 amino acids, which has two putative transmembrane spans. No gene homologous with orf85 was found in the databases. In the region downstream of orf85, an open reading frame, orf91, encoding a protein of unknown function is located in the opposite direction. The def gene encoding a putative N-formylmethionyltRNA deformylase is located further downstream in the same direction as that of norCB. The resB gene encoding a protein required for cytochrome c biosynthesis is located upstream of norC in the opposite direction (Fig. 1) . The def and resB genes are 67% and 56% identical with Aq579 and Aq2082 of Aquifex aeolicus respectively. The structural features of these genes suggest that the norCB and orf85 genes are transcribed as a tricistronic operon.
The norCB genes are usually followed by the norQ and norD genes. 6) In Pseudomonas aeruginosa and P. stutzeri, the norQ-type gene designated nirQ is located upstream of the nirS gene for cytochrome cd 1 NIR, which is clustered with the nor genes. 20, 21) The norQ/nirQ and norD genes are necessary for the expression of NOR activity, [21] [22] [23] but no corresponding genes were found on the cloned fragments. In addition, no such genes were found in the vicinity of the nirS gene of strain TK-6 (data not shown).
Phylogenetic analysis of NOR
The sequences of cNOR-type cytochrome bc complex have been reported exclusively from proteobacteria to date. A phylogenetic analysis of NorC showed that the sequence from strain TK-6 was phylogenetically distant from the other proteobacterial sequences, except for that of the gammaproteobacterium Methylococcus capsulatus (Fig. 3) . The NorC sequence of M. capsulatus was clustered with that of strain TK-6, and was located apart from the gammaproteobacterial cluster. NorC of M. capsulatus also has a long N-terminal extension, but its hydropathy plot showed only one N-terminal transmembrane span (data not shown).
The phylogenetic tree of NorB and the other types of NOR is shown in Fig. 4 . The sequences were separated into two major groups corresponding to enzymes that utilize quinol and cytochrome c as electron donors respectively. The former group was separated into three subgroups, viz., the archaeal qNOR, the sequences from Gram-positive bacteria that are thought to be qCu A NOR, and the qNOR from proteobacteria and cyanobacteria. In the cNOR group, the NorB sequences of strain TK-6 and M. capsulatus were clustered and phylogenetically distinct from the other proteobacterial sequences, but they formed a single cluster with the other cNOR-type NorB, with 100% bootstrap value. Furthermore, these sequences were phylogenetically separate from those of NORs that utilize quinols as electron donors, thus indicating the monophyletic origin of the cNOR group. The phylogram of the cNOR group of NorB showed clustering similar to that of NorC, suggesting that the pairs of NorC and NorB subunits of the cNOR enzymes evolved together.
Heterologous expression of NorCB
The nor gene cluster of strain TK-6 does not contain the norQ/nirQ or norD genes, which are thought to be required for posttranslational activation of cNOR. [21] [22] [23] Although it remains unclear whether the corresponding genes are located at another site on the chromosome, it is possible that the NorCB of strain TK-6 does not require these genes in order to express the active enzyme. To confirm this possibility, and to conduct a more detailed protein chemical analysis of this thermophilic NorCB, we attempted to express the norCB genes of TK-6 in the norCBD mutant of P. aeruginosa, but the genes did not support the anaerobic growth of the P. aeruginosa mutant, probably because the recombinant enzyme did not have the activity at 37 C even if the holo-enzyme was produced. The characteristics of the recombinant NorCB remain to be investigated. The norCB genes of strain TK-6 severely inhibited the anaerobic growth of the wild-type P. aeruginosa strain PAO1 (data not shown). It is likely that the recombinant TK-6 NorCB interfered with the denitrification pathway of P. aeruginosa through interaction with the anaerobic respiratory chain.
Heterologous expression of the soluble domain of P. denitrificans NorC in E. coli was reported by Oubrie et al. 24) Both the holo-protein with covalently attached heme c and the apo-protein lacking heme c were produced in the periplasm using the pelB signal sequence for membrane translocation when coexpressed with the ccm genes for cytochrome c maturation. The attachment of heme c to the apo-protein usually takes place in the periplasm, but the cytochrome c-552 of strain TK-6 was produced exceptionally as a holoprotein in the cytoplasm of E. coli cells. 25) We constructed an expression plasmid that encoded a fusion protein of the T7 epitope tag and the soluble domain of TK-6 NorC (T7-NorC). The purified fusion protein produced in the E. coli cytoplasm gave two bands on SDS-PAGE gel; one was presumably the holo-protein with heme c attached, and the other was thought to be Multiple sequence alignment was carried out using ClustalW. Tree topology and evolutionary distance estimations were performed by the neighbor-joining method (Phylip 3.6). Subunit II of cytochrome caa 3 oxidase (CtaC) of Bacillus firmus was used as an outgroup. The numbers indicated at the nodes are bootstrap values calculated from 100 replications using the Seqboot, Protdist, Neighbor, and Consense programs of the Phylip 3.6 program package. , , , and in parentheses indicate subdivisions of proteobacteria.
the apo-protein lacking heme c (data not shown). An antiserum against T7-NorC was produced in rabbits and used for detection of NorC in strain TK-6 cells, as described below.
Analysis of the expression profile of NorCB
The antiserum against the T7-NorC fusion protein was used for immunological detection of NorCB in strain TK-6 under several growth conditions (Fig. 5) . Slight expression of NorC was detected, even in the absence of nitrogen oxides that can act as electron acceptors for denitrification, when the cells were grown in the aerobic gas mixture. The expression levels increased with the addition of nitrate, nitrite, or SNP to the medium. These results suggest that the cloned norCB product is a denitrification enzyme NOR, because these compounds produce NO, the substrate of NOR. These results also indicate that the nitrogen oxidesensing system induced the expression of NorCB in strain TK-6. The highest level of expression was observed when nitrite was used, probably because nitrite was the most effective NO donor. Under anaerobic conditions using nitrate as an electron acceptor, the expression levels of NorC were comparable to those observed when the cells were grown in the aerobic gas mixture in the presence of nitrate. Although the oxygen in the aerobic gas mixture in the bottle was consumed during cell growth, and the medium might have been anaerobic by the end of the cultivation period, strict anaerobiosis was perhaps unnecessary for the expression of NorCB. Because NOR is distributed not only among denitrification bacteria, but also among non-denitrification bacteria, and is thought to be involved in the detoxification of NO in non-denitrification bacteria, expression of NOR under aerobic conditions should not be considered unusual. Expression of the nor genes is regulated by the DNR/NnrR-type or the NorR/FhpRtype NO-responsive transcriptional regulators in proteobacteria. 26, 27) The consensus binding motifs for those NO-responsive regulators were not found in the norC promoter region of strain TK-6, but the consensus À10 and À35 sequences were found in this region (data not shown). It is likely that the regulatory system that controls the nitrogen oxide-responsive expression of NorCB in strain TK-6 differs from that in proteobacteria. 
